granular and cornified layers), and enhanced levels of the differentiation markers filaggrin, ABCA12, and phosphorylated HSP27. Several PP effects generated in the organotypic system, however, were distinct from those previously reported for rodent skin and human keratinocyte monolayer cultures, suggesting that the species and growth context of target cells can impact exposure outcomes. Given the utility of organotypic cultures for modeling the epidermis, studies in this system may bridge the gap between the rodent assays and clinical studies of human epidermal responses to PPs. However, incomplete epidermal maturation characteristic of monolayer keratinocytes and rodent-specific effects may limit our full understanding of human keratinocyte responses to PPs. To address these issues, we investigated PP influence on primary human keratinocytes in organotypic cultures that recapitulate biochemical markers of epidermis. We found that the PPAR ␣ agonists clofibrate, docasohexaenoic acid, and WY-14,643 produced mild to moderate keratinocyte hyperplasia, increased stratification (particularly of
Introduction
Peroxisome proliferators (PPs) are a heterogeneous chemical group including agricultural and industrial compounds, hypolipidemic and insulin sensitizing drugs, and long chain polyunsaturated fatty acids that exert transcriptional effects through PP-activated receptors (PPARs) ␣ , ␦ , and ␥ . Respectively, these groups include compounds such as certain pesticides and phthalate esters, clofibrate (CLF) and glitazones, and ␣ -linolenic and docosahexaenoic acids (DHA) [Takeuchi et al., 2006; Varga et al., 2011] . The widespread occurrence of PPs makes them of interest in cutaneous biology [see Schmuth et al., 2008, for review] because of their ample opportunity for epidermal contact through topical and systemic routes. Additionally, given their ability to control metabolism and differentiation, PPs in current medical use may be repurposed for use in wound healing following sufficient preclinical study. Despite this promise, certain caveats are raised by the studies done to date. For instance, fibrate compounds have extensive clinical use to lower human serum triglycerides [Michalik et al., 2006] despite classic and mechanistic causation of rodent liver cancer [Peters et al., 2005; Gonzalez and Shah, 2008] among other rodent species-specific results not seen in human cells [Choudhury et al., 2000; Klaunig et al., 2003 ]. Species differences extend to PPAR ␣ amino acid differences, possibly affecting ligand binding. Also, PPAR ␣ expression levels are higher in rodent liver compared to human liver [Keller et al., 1997; Maloney and Waxman, 1999] . The latter does not wholly resolve the issue; increasing PPAR ␣ expression in human liver cells does not confer rodent cell-like responsiveness [Lawrence et al., 2001 , and references therein]. The need to determine species-matched responses led to genetically modified mouse strains [Cheung et al., 2004; Morimura et al., 2006] 'humanized' for PPAR ␣ such as those mice expressing human PPAR ␣ in a PPAR ␣ knockout background. However, this approach does not negate the variation across species sometimes found in the ligand metabolism or promoter sequence of PPAR target genes [Kane et al., 2006] . For epidermal studies, PPAR distribution also needs to be considered. In human skin, all three PPAR subtypes have been detected in keratinocytes, making its distribution distinct from adult mouse interfollicular epidermis where no PPAR expression is detectable [Westergaard et al., 2001; Michalik and Wahli, 2007] . Despite advantages of working with in vivo mouse skin or the selective genetic backgrounds of knockout or transgenic mice, rodent systems have limitations that might be avoided with the use of optimized human keratinocyte systems such as in vitro generated skin models.
Organotypic human keratinocyte cultures recapitulate the structural and biochemical markers of late epidermal differentiation [Margulis et al., 2005] that are usually missing from standard keratinocyte cultures grown on plastic substrates. Organotypic systems are a co-culture of keratinocytes at the air-liquid interface overlying an artificial dermis composed of fibroblasts and gelled collagen with nutrient support from media under the collagen layer. Although Chong et al. [2009] recently reported a PPAR ␦ -mediated epithelial-mesenchymal interaction based on the receptor's regulation of cytokine expression in fibroblasts of organotypic cultures, direct responses of human keratinocytes to PPs in such models have not been thoroughly investigated. Previously, Rivier et al. [2000] showed that, similar to intact human skin, PPAR ␣ is detected in human keratinocyte nuclei in organotypic cultures; these cultures showed enhanced lipid deposition along with increased expression of enzymes associated with lipid metabolism when treated with WY 14,643 (WY). Similar results were recently found with CLF [Batheja et al., 2009] although changes in structural proteins and other differentiation markers were not investigated in either study. Here, our aim was to use the organotypic culture system to examine human keratinocyte differentiation and growth responses to PPs and to analyze the results in the context of what has been previously reported for intact rodent skin and submerged keratinocyte cultures. We found an unexpected increase in keratinocyte replication along with some late stage differentiation enhancement, results which would not have been predicted based on rodent skin or submerged keratinocyte studies. Further study of the organotypic system could bridge the preclinical analysis gap for response to PPs between the incomplete differentiation of submerged keratinocytes on plastic and possible species-specific responses in rodent skin.
Materials and Methods

Cell Culture
Cultures of human primary epidermal keratinocytes derived from individual neonatal foreskins were initiated using the Rheinwald-Green system [Rheinwald and Green, 1975] . Human keratinocytes on mitomycin C-inactivated fibroblast feeder layers [Leigh and Watt, 1994] were expanded and used at the second or third passage for seeding on top of 2 day-old collagen-fibroblast matrices prepared as described earlier [Margulis et al., 2005] . Keratinocytes on these matrices were maintained under media until they were confluent, typically 3-4 days post-seeding. The kerati-nocyte/collagen-fibroblast unit was then raised to the air-liquid interface by placing it on top of stainless steel grids, the bottom surface of which was in direct contact with the media [Turksen et al., 1991] . Concurrent with this step, cultures were supplemented with vehicle as control (VEH; DMSO final concentration 0.1%), CLF (1 m M ; Sigma, St. Louis, Mo., USA), DHA (100 M ; Sigma), WY (50 M ; Chemsyn, Lenexa, Kans., USA), or retinoic acid (RA; 1 M ; Sigma) by addition to the media under the collagen-fibroblast matrix. Ligands were prepared as 1,000 ! final concentration stocks in DMSO. The media in control and ligand-treated cultures was renewed every second day. Similar PP responses detected by histological or biochemical methods ( fig. 1-6 ) were obtained from organotypic cultures from each of three different donors.
PP concentrations were determined from initial titration experiments and literature reports for previous keratinocyte experiments or for selective activation of PPAR. We found no evidence of toxicity at 1 m M CLF in contrast to that reported with its use at 500 M in low calcium (differentiation-limited), monolayer, submerged human keratinocyte cultures [Schmuth et al., 2004, and references therein] where their subsequent work was performed with 400 M . A 1 m M CLF treatment was previously used to ameliorate experimental contact dermatitis [Sheu et al., 2002] for twice daily applications in epidermal barrier function restoration studies and once daily applications for 5 of 6 days in mouse skin differentiation studies [Komuves et al., 2000] . DHA is considered a pan-PPAR agonist [Gani and Sylte, 2008, and references therein] although the effectiveness of receptor activation by DHA may be cell and species dependent [Seo et al., 2005] . Similar to CLF, WY has been used at a wide range of concentrations for keratinocyte studies, i.e. up to 1 m M for one time treatment following experimental irritation [Sheu et al., 2002] , at 0.5 m M in twice daily applications for epidermal barrier function restoration studies, and at 0.5 m M in once daily applications for 5 of 6 days in mouse skin differentiation studies [Komuves et al., 2000] . WY has been used at 100 M , twice the concentration used here, to modulate barrier induction in rodent fetal skin explants [Schmuth et al., 2004 , and references therein]. As described in previous caspase studies [Rendl et al., 2002] , other investigators' work with skin equivalents [see Heise et al., 2006, for example] , and activation of endogenous human keratinocyte RA receptor (RAR) , RA treatment was performed at 1 M .
Histology, Immunohistochemistry, Immunofluorescence, and Microscopy
Organotypic cultures were fixed in Bouin's fluid on day 8, dehydrated, and paraffin embedded. Involucrin and filaggrin were detected by rabbit polyclonal (1: 10) and mouse monoclonal (1: 100) antibodies (Biomedical Technologies; Stoughton, Mass., USA), respectively, with immunogold enhancement (GE Healthcare; Piscataway, N.J., USA) as described [Aneskievich and Fuchs, 1992] and nuclear contrast from hematoxylin staining. Proliferating cell nuclear antigen (PCNA) was detected with antibody clone PC10 (Zymed; Invitrogen, Carlsbad, Calif., USA). Primary antibodies for serine 82 phosphorylated HSP 27 (phospho-HSP; Santa Cruz Biotechnology, Inc., Santa Cruz, Calif., USA), ATP-binding cassette, sub-family A (ABC1), member 12 (ABCA12), (Santa Cruz Biotechnology), and serine 473 phosphorylated Akt (phospho-Akt; Cell Signaling Technology, Danvers, Mass., USA) were detected with Alexa Fluor 488-tagged secondary antibody (Invitrogen). Citrate buffer antigen retrieval was performed for PCNA, phospho-HSP, ABCA12, and phospho-Akt. Slides for fluorescence were mounted in ProLong Gold antifade reagent (Invitrogen). Digital images were captured using Spot 4.5.9.12 software and a Spot Insight color CCD or Spot Insight monochrome digital cameras. Exposure times and figure preparation were kept constant within detection of any one antigen.
Electrophoresis and Western Detection
Total proteins were extracted as described previously [Aneskievich and Fuchs, 1992] from the epidermal layer of organotypic cultures. Fifty micrograms of protein per lane were resolved through 8.5% denaturing polyacrylamide gels (12% for caspase analysis) under reducing conditions, transferred to S&S nitrocellulose (Fisher Scientific, Pittsburgh, Pa., USA), and Western probed with antibodies for filaggrin, keratin 13 (MP Biomedical, Aurora, Ohio, USA), RAR ␥ , retinoid X receptor (RXR) ␣ , caspase 3, serine 82 phospho-HSP27 (all from Santa Cruz Biotechnology), total HSP27 (Enzo Life Sciences, Plymouth Meeting, Pa., USA), Akt, phospho-Akt (serine 473, both from Cell Signaling), or actin (Abcam, Cambridge, Mass., USA). Bound primary antibodies and SDS-PAGE MagicMark (Invitrogen) migration standards were visualized by HRP-conjugated secondary antibodies (Perkin Elmer, Boston, Mass., USA).
Chemiluminescence was detected with an Image Station 440CF (Kodak, Rochester, N.Y., USA) CCD camera. Molecular weights and band intensities for relative comparisons of protein amounts were determined with Kodak MI analysis software directly from the original digital signal with actin used as a loading control.
Northern Analysis
PolyA-selected mRNA, 5 g per lane, was assayed with random primer probes generated from partial clones of human cDNAs for acyl-CoA oxidase (ACO; provided by J. Reddy), profilaggrin (provided by R. Presland), and GAPDH. Blots were washed under stringent conditions [Flores et al., 2005] and imaged by exposure to film at -70 ° C. GAPDH was used as a loading control.
Statistical Analysis
All experiments were repeated from different donors of keratinocytes with similar results. For statistical analysis, cultures were set in replicate samples and representative results are shown as means 8 standard error. Comparisons were performed using a one-way analysis of variance and Dunnet's test. Differences were considered statistically significant at p ! 0.05.
Results
Analysis of Organotypic Cultures: Morphometry, Structural Proteins, and Proliferation
Human keratinocytes atop fibroblast-collagen matrices were cultured at the air-media interface for 8 days, producing multiple distinct layers of keratinocytes ( fig. 1 a) with histological markers of late differentiation enucleated squames in the uppermost layers. There was increased stratification, especially in the granular and cornified layers, for cultures where PPs had been added to the underlying media ( fig. 1 b-d ). Exposure to RA decreased the keratinization process ( fig. 1 e) . In control cultures, involucrin staining was present in the first and subsequent suprabasal layers ( fig. 1 f) . For PP-and RA-treated cultures, involucrin staining was more intense but remained restricted to the expected suprabasal layer compartment ( fig. 1 g-j) . While filaggrin protein was restricted to the uppermost keratinocyte layer immediately exposed to the air in the control keratinocytes ( fig. 1 k) , it was more intense and extended across more upper cell layers in the PP-treated cells ( fig. 1 l-n), consistent with the more pronounced granular layer seen in the H&E staining ( fig. 1 b-d) . Together, these results are consistent with PP treatment increasing overall keratinocyte differentiation (see Discussion) in contrast to RA treatment with reduced late maturation as evidenced by the rarely occurring filaggrin-positive cells ( fig. 1 o) . These RA results are consistent with and extend monolayer keratinocyte expression studies [Poumay et al., 1999; Lee et al., 2009 ] that demonstrate that RA treatment can increase early maturation markers such as involucrin ( fig. 1 j) while repressing later markers of keratinocyte terminal differentiation such as filaggrin ( fig. 1 o) . Compared to control cultures ( fig. 2 a) , CLF-treated cultures, which had the least increase in epidermal thickening, showed the least PCNA staining increase ( fig. 2 b) . DHA and WY induced striking hyperplastic effects, about doubling the overall epidermal thickness ( fig. 1 c, d ) compared to the control culture ( fig. 1 a) . For these cultures, PCNA staining ( fig. 2 c, d , respectively) was also significantly increased. The incidence of PCNA staining in the RA-treated cultures was not significantly changed from the control ( fig. 2 e, f) .
Distribution and Biochemical Analysis of Differentiation-Related Proteins
Development of a pronounced cornified layer and increased filaggrin staining indicated that PP treatment had enhanced structural aspects of keratinocyte late, terminal differentiation. We also tested for possible changes in staining intensity and distribution of nonstructural proteins associated with differentiation. The first was ABCA12; its expression is increased in submerged keratinocytes by some PPs . Immunoreactivity for ABCA12 was detected as a gradient throughout the strata of control organotypic keratinocytes with the least staining in the basal layer, increasing through to the granular layer ( fig. 3 a) . This pattern parallels intact skin [Thomas et al., 2009] . Increased ABCA12 staining was most noticeable in the expanded granular layers of the PP-treated cultures ( fig. 3 b-d) . Compared to control cultures, RA-treated keratinocytes had reduced staining for ABCA12 and no obvious gradient distribution of the protein ( fig. 3 e) .
HSP27 phosphorylation (serine 82) occurs as a stress response and parallels increased cornification [O'Shaughnessy et al., 2007; Robitaille et al., 2010] . For our organotypic cultures, phospho-HSP27 detection was present but discontinuous across late-granular keratinocytes. There was also the occasional mid-granular layer phospho-HSP27-positive cell ( fig. 3 f) . Within each antigen set, including their respective negative controls shown in the insets, exposure times were kept identical. For the insets, the scale bar is 150 m and the dashed line is the keratinocyte-collagen boundary; the solid line is the surface of the epithelium. figure 3 and processed with antibodies specific for serine 82 phospho-HSP27 or total HSP27 ( a ) and serine 473 phospho-Akt or total Akt ( b ). Blots were reprobed with anti-actin as a loading control. Anti-phospho-SER82 antibody recognizing the epitope in HSP27 phosphorylated at SER82 alone and with additional phosphorylated residues causing further reduction in migration may account for multiple band recognition by the antibody.
Compared to the vehicle control, phospho-HSP27 detection in CLF-, DHA-, and WY-treated cultures was more consistent across the granular layer ( fig. 3 g-i) with more frequently occurring intensely stained cells. Strikingly, several basal and spinous layer keratinocytes were strongly reactive for phospho-HSP27 ( fig. 3 h, arrowhead) in DHA-treated cultures, a result not seen for any other PP treatment. For WY cultures, the most intensely stained cells were routinely found in the first subcorneal layer. In the RA-treated cultures, moderately to intensely staining cells, much more numerous than in the control culture, were scattered through all layers, including frequent, intensely stained basal cells ( fig. 3 j, arrowhead) , suggesting an induction of phospho-HSP27 outside that associated with differentiation. These findings were mirrored in the biochemical analysis of phospho-HSP27 in the context of total HSP27 ( fig. 4 ) .
HSP phosphorylation is mediated in part by members of the protein kinase group. PKB, also known as Akt, is activated when phosphorylated at serine 473 [Thrash et al., 2006] and in some cases [Di-Poi et al., 2002; Burdick et al., 2007] is present at increased levels following PP treatment. We found that basal keratinocytes in control, 
and actin (ACT) ( f ). Band intensity changes were determined from digital imaging of the chemiluminescent signal using the actin loading control for normalization. Note that profilaggrin is a high molecular mass precursor sequentially enzymatically processed to the final smaller mass of filaggrin.
CLF, DHA, and RA cultures had weak or no staining ( fig. 3 k-o) for phospho-Akt (serine 473) compared to the secondary antibody only ( fig. 3 k, inset) . WY-treated cultures ( fig. 3 n) routinely had weak staining throughout the basal layer. Otherwise, phospho-Akt distribution paralleled the PP-associated expansion of the spinous and granular layers with some increased intensity compared to the control. The total phospho-HSP27 signal increased 1.2-to 1.4-fold in the CLF-, DHA-, and WY-treated cultures; there was at least a 7-fold increase in the RA-treated samples ( fig 4 a) . When normalized to the total Akt protein present in keratinocyte lysates from the organotypic cultures ( fig. 4 b) , there was a 1.2-to 1.4-fold increase in phospho-Akt for PP-treated cultures relative to the vehicle control. No increase in phospho-Akt was found in lysates from the RA-treated cells.
Increases in filaggrin protein detected by immunoblot ( fig. 5 a) following PP treatment paralleled those seen with immunohistochemistry ( fig. 1 l-n) , with the WY-treated culture showing the greatest amount ( ϳ 3-fold compared to the vehicle control). The increases were spread across both pro-filaggrin and the processed monomer form. RA treatment caused an almost complete loss of filaggrin. Not all keratinocyte-expressed proteins are decreased by RA and, in contrast to the filaggrin results, RA treatment induced an approximate 2-fold K13 increase compared to vehicle control cultures, while the synthetic PPs CLF and WY each brought about decreases of approximately one half, with no change in the fatty acid DHA-treated culture ( fig. 5 b) . RA also regulates differentiation-dependent markers other than structural proteins in epidermal keratinocytes. Exposure to RA resulted in ϳ 2.5-fold more caspase 3 protein compared to control cultures, confirming previous reports of RA-mediated increases in keratinocyte organotypic cultures [Rendl et al., 2002] . In contrast, exposure to any of the three PPs caused a consistent one third to one half reduction of caspase 3 protein ( fig. 5 c) . RAR ␥ (NR1B3) and RXR ␣ (NR2B1) are the predominant nuclear retinoid receptors expressed in epidermal keratinocytes. However, the PP-associated decreases in K13 and caspase 3 were not simply due to a loss of retinoid receptors ( fig. 5 d, e) . For the PP-treated cultures, there was up to a 2-fold increase in RAR ␥ protein (CLF 1 DHA ; WY) compared to control cultures. RXR ␣ , the heterodimer to both RARs and PPARs, showed some variation with an ϳ 20% increase in CLF cultures and an ϳ 10% decrease in WY-treated keratinocytes. Consistent with previous reports [Boudjelal et al., 2002] , RA exposure reduced both RAR ␥ and RXR ␣ protein levels.
Expression changes due to PP or RA exposure were also examined at the mRNA level. In agreement with the increase in filaggrin protein, there was a PP-dependent increase ( fig. 6 a) in an ϳ 13-kb profilaggrin mRNA band. As with the changes in filaggrin protein levels, DHA and WY had the greatest increases in profilaggrin mRNA levels with a reduction in signal from the RA-treated cultures compared to vehicle controls. The ACO promoter has a recognized PP response element and its expression ( fig. 6 b) was increased by the three PPs compared to control cultures. RA treatment induced a lesser ACO increase.
Discussion
The studies described here utilized organotypic cultures and their ability to recapitulate structural and biochemical markers of epidermal differentiation with high fidelity [Margulis et al., 2005 ] to investigate human keratinocyte responses to PPAR ␣ agonists and RA. CLF, WY, and DHA increased stratification and cornification. PPs and RA oppositely affected filaggrin and K13. PP-dependent changes in retinoid-sensitive markers (increase in retinoid-repressed filaggrin; decrease in retinoid-enhanced markers K13) could not be simply attributed to loss of retinoid receptor protein, suggesting that a balance of these ligands is needed for differentiation.
Although evidenced to different degrees, the three PPs used shared the same trend of moderate to significantly increased keratinocyte replication and enhanced differentiation. For instance, the synthetic PPAR ␣ agonists CLF and WY produced similar but different degrees of effects for the late markers filaggrin and ABCA12; both ligands increased both proteins but with the most enhanced effect from WY treatment. This is consistent with and may hold true across species for previous comparisons of the two compounds where, although CLF was used at a 10-fold higher final concentration than WY, the effects of WY were of a greater magnitude [Motojima, 2000] , such as with the higher fold induction of heart fatty acid binding protein. Effects of DHA are likely to extend beyond its pan-PPAR agonist function. For instance, HaCaT keratinocytes grown in DHA-supplemented media showed physical incorporation of this fatty acid into their cellular constituents [Storey et al., 2005] possibly altering their cell membrane properties and other signaling events.
The keratinocyte growth-promoting effect from ligand activation of PPAR ␣ in this report is distinct from that described for rodent epidermis where the bovine keratin 5 promoter was used to direct basal cell expression of a constitutively activated, viral protein-mouse PPAR ␣ chimera (VP16PPAR ␣ ) which resulted in a thinning of the epidermal layer [Yang et al., 2006] . Enhanced differentiation but decreased proliferation in the VP16PPAR ␣ transgenic mouse system may reflect species differences [Lawrence et al., 2001; Kane et al., 2006; Al Kholaifi et al., 2008] and/or the cohort of transcriptional coactivators recruited by PPAR in an activated conformation due to ligand binding versus transcriptional activation as a result of the viral protein activation domain. The PP-enhanced growth in organotypic cultures also differed from the CLF-reduced growth for keratinocytes grown directly on plastic, submerged in low calcium media [Hanley et al., 1998; Schmuth et al., 2004] . Nevertheless, involucrin detection, indicative of cell cycle withdrawal and terminal differentiation onset in the organotypic cultures, still began at the appropriate, first suprabasal layer. This pattern suggests that PP growth promotion did not abrogate the usual stratum-specific events associated with progressive keratinocyte maturation. Thus the keratinocyte culture context (submerged vs. organotypic) or the means of receptor activation (ligand vs. viral protein activation) may influence the cell's PP/PPAR response. Understandably, each experimental system, keratinocyte monoculture, organotypic culture, or wild-type or genetically modified mouse, will have its advantages and limitations depending on what aspects of keratinocyte biology are being investigated.
Late in epidermal maturation, ABCA12 participates in transport of lipids into lamellar bodies. As with the differentiation marker filaggrin, we found increases in ABCA12 in histological sections of the organotypic cultures treated with CLF, DHA, or WY. Keratinocyte ABCA12 mRNA has been reported to increase following exposure to agonists for PPAR ␦ and ␥ but not WY. Several experimental differences exist between that report and this study that may account for the different WY results including duration of ligand treatment (24 h vs. multiple days) and the nature of the keratinocyte culture environment (submerged, providing basal and early differentiation stages vs. organotypic, recapitulating all epidermal strata).
As expected from the increased degree of differentiation demonstrated in the histology and structural protein biochemistry, we found that CLF, DHA, and WY treatment also increased phospho-HSP27 levels. However, with DHA or RA treatment we frequently detected intensely staining basal cells, and within the context of total HSP27 protein there was a several-fold increase in phospho-HSP27 following RA exposure. Some HSP27 phosphorylation may be differentiation independent. Phospho-HSP27 (serine 82) increases in MDA-MB-435 cells and epidermal squamous cell carcinoma keratinocytes following their exposure to arachidonic acid or the antineoplastic synthetic retinoid fenretinide, respectively, Garcia et al., 2009] . Thus some increased phospho-HSP27 may be an indication of cells responding to stimuli independently of whether those signals influence differentiation [Kostenko and Moens, 2009] .
Akt is one among multiple kinases responsible for HSP27 phosphorylation [Kostenko and Moens, 2009] . Phospho-Akt coincides with late differentiation in mouse epidermis [O'Shaughnessy et al., 2007] and its signaling can be increased in mouse monolayer keratinocyte cultures treated with a PPAR ␦ ligand [Di-Poi et al., 2002] . However, treatment of an hTERT-immortalized human keratinocyte cell line in submerged cultures with the PPAR ␦ ligand GW0742 led to no phospho-Akt or total Akt differences [Burdick et al., 2007] , suggesting possible species-specific effects. We found a consistent but less than 2-fold increase in levels of phospho-Akt protein and phospho-HSP27. However, staining intensity for phospho-Akt (early spinous and early granular) was localized to mostly different layers compared to phsopho-HSP27 (late-granular for CLF and WY), suggesting that some other kinases, such as mitogen-activated protein kinase (MAPK)-activated protein kinase 2 [Kostenko and Moens, 2009] , may be involved in increased phospho-HSP27 levels.
Dubrac and Schmuth [Dubrac and Schmuth, 2006] noted that while rodent studies may be illustrative of some human cutaneous responses to PPs there are likely limits due to species specificity. Even among rodents, there is variation in response to PPs [see Choudhury et al., 2000, for example; Al Kholaifi et al., 2008] . Several experimental factors discussed here and by others Peraza et al., 2006] such as variations in assay systems, species, ligand, and PPAR isoform may restrict the prediction of one universally expected biological response (e.g. growth vs. differentiation or upregulation of a specific marker) in all cell types across diverse tissues.
The wide range of ligands for and wide expression distribution of PPAR have suggested their potential importance in a number of extra-hepatic processes including epidermal keratinocyte growth and differentiation which in turn would impact normal tissue turnover, wound healing, and hyperplastic diseases. Animal studies with clinical and laboratory PPAR ␣ ligands, such as CLF and WY, in wild-type and recombinant mouse strains, complemented by standard human keratinocyte cultures provide experimentally distinct venues for PP investigation, each with their particular advantages and limitations. In this context, our results suggest there may be species-specific keratinocyte responses as well as limitations of standard culture methods that can be addressed though organotypic models of human keratinocytes.
